Introduction
============

Rapeseed (*Brassica napus* L.) is one of the main sources for plant-produced oil, which provides healthy edible oil for human and feedstock for biodiesel fuel ([@B13]; [@B4]). *Leptosphaeria maculans* (anamorph *Phoma lingam*), the causal agent of blackleg disease on *B. napus*, poses a continual threat to canola/rapeseed production ([@B66]). Like other dothideomycete phytopathogenic fungi, *L. maculans* enters the host via natural openings such as stomata and wounds ([@B20]). However, *L. maculans* has a complex life cycle which begins with a brief invasion of cotyledons, followed by a long endophytic and asymptomatic period in leaves and stem tissue, leading to necrotrophic growth and finally causing the crown canker and yield loss ([@B20]). The primary management measure to prevent crop loss in rapeseed is to integrate multiple strategies consisting of crop rotation, fungicide use and introgression of qualitative or quantitative resistance ([@B66]; [@B49]).

Several major loci responsible for race-specific resistance to *L. maculans* have been mapped in *B. napus*, with most loci clustering on chromosomes A7 and A10 of A genome ([@B10]). Until now, only two allelic resistance genes *LepR3* (or *BLMR1.1* with Accession No. JQ979409) and *Rlm2* on the chromosome A10 have been cloned from two cultivars ([@B37]; [@B29], [@B31]). The hemibiotrophic lifestyle is exhibited by *L. maculans* during the initial foliar infection. The successful infection is determined by the hemibiotrophic transition, during which an arsenal of small secretion proteins (SSPs) are deployed to manipulate the host immune response toward the necrotrophic growth ([@B19]). In *L. maculans*, eight avirulence (*Avr*) genes (*AvrLm1, AvrLm2, AvrLm3, AvrLm4-7, AvrLm5, AvrLm6*, and *AvrLm1*) that provoke the *B. napus* race-specific resistance have been cloned and all of these *Avr* genes encode SSPs ([@B17]; [@B15]; [@B45]; [@B2]; [@B63]; [@B16]; [@B47]). Among cloned *Avr* genes, *AvrLm1* and *AvrLm2* have been demonstrated to trigger resistance by *LepR3* and *Rlm2* in *B. napus*, respectively ([@B37]; [@B29], [@B30]), with lack of details describing the interaction machinery.

To date, knowledge regarding the plant resistance machinery against pathogen invasion is mostly gained based on studies performed on several model plant pathosystems including *Arabidopsis*, tomato, potato and rice ([@B25]), leading to the current and widely accepted paradigm for describing plant immunity, the zigzag model ([@B24]; [@B5]). This model is defined by a clear dichotomy of two-layered defense responses, subsequently activated via the extracellular detection of pathogen-associated molecular patterns (PAMPs) by surface-localized receptor-like proteins (RLPs) and intracellular recognition of pathogen effector proteins by nucleotide-binding-leucine-rich repeat (NB-LRRs) receptors, which are, respectively, termed as pattern-triggered immunity (PTI) and effector-triggered immunity (ETI). However, due to the limited diversity of research model organisms, the zigzag model is insufficient to cover the diversity of pathogen-host interplay mechanism due to species-specificity ([@B18]). As an apoplastic fungal pathogen, *L. maculans* only enters the plant cells after successfully cracking down the host immune response via SSPs at the apoplastic space. Thus, the effective *B. napus* resistance is activated upon recognition of pathogen SSPs by surface-localized RLPs, as exampled by LepR3 and Rlm2 that further transmit the defense signals via engaging the other surface-localized receptor-like kinases (RLKs) ([@B31]; [@B40]). This is analogous to PAMP recognition receptors (PRRs) as members of RLPs that capture chemical cues associated with fungal structures to trigger the basal resistance ([@B57]). Indeed, either PAMP or SSP-interacting RLPs form complex with the receptor-like kinase SOBIR1 for structural stabilization and signal trafficking at the membrane areas ([@B57]). In contrast to the typically qualitative nature of intracellular *R* gene-mediated ETI to cause the hypersensitive reaction to restrain the pathogen infection, the host response upon the apoplastic recognition specificity in the *B. napus*--*L. maculans* pathosystem engages a more quantitative manner that still allows fungal entry into the host tissues to propagate ([@B21]).

Both host recognition of PAMPs and SSPs cause substantial transcriptional reprogramming that shares similar signal pathways but differs at the expressional magnitudes ([@B11]). Given the genomic complexity and underdeveloped genetic manipulation techniques for *B. napus*, RNA-sequencing (RNA-seq)-based comparative transcriptomic analysis has been extensively used to study the gene expression network governing the defense response against *L. maculans* ([@B39]; [@B19]; [@B3]). Recent studies have revealed several prominent groups of genes transcriptionally induced, likely acting in a subsequent order to orchestrate cellular responses, during the resistance reaction to *L. maculans* ([@B3]). These genes are involved in extracellular signal detection via surface RLPs, intracellular signal trafficking, plant hormone synthesis, defense response-related transcriptional activities, cell wall enforcement enzymes, and sulfate-related secondary metabolism. However, these genes were identified via the transcriptomic comparison between susceptible and resistant cultivars that differ in genetic backgrounds and may cause bias on downstream analysis. In addition, the data interpretation based on the gene-for-gene doctrine tends to marginalize the effect of surface-localized RLPs as receptors to detect fungal invasion, during the compatible interaction. Studies have revealed that the distinction between the host susceptible and resistant responses to pathogen infection is largely due to the quantitative difference on output signal intensity of defense-related transcriptome ([@B58]; [@B62]). Here, we assume that *LepR3* and *Rlm2* are involved in evoking the basal defense in the PTI network during the compatible interaction, while the signal intensity can pass the threshold resulting in the resistant response following the recognition of *AvrLm1* and *AvLm2* during the incompatible interaction.

Global transcriptome profiling on *LepR3* and *Rlm2* transgenic lines challenged by *L. maculans* isolates with different *AvrLm1* and *AvrLm2* patterns revealed the detailed machinery of *LepR3* and *Rlm2* in regulating plant defense during the compatible and incompatible interaction. Genes contributing to *LepR3* and *Rlm2*-mediated resistance were identified and constitute the gene expression network based on expression patterns and functional classification. Lastly, the RNA-seq-deduced *LepR3* and *Rlm2* regulatory machinery was phenotypically tested by the infection site measurement of hormone levels (abscisic acid and salicylic acid) and hydrogen peroxide production.

Materials and Methods {#s1}
=====================

Plant and Fungal Materials
--------------------------

The susceptible *B. napus* cultivar "Westar" and four *L. maculans* isolates 03-42-06 (*AvrLm1* and *avrLm2*), 87-41 (*AvrLm1* and *AvrLm2*), 03-15-03 (*avrLm1* and *AvrLm2*), and PG4-1-M (*avrLm1* and *avrLm2*) were used in this study ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}). For four *L. maculans* isolates, 87-41 was firstly collected from blackleg infected *Brassica oleracea* ([@B70]) and the other three isolates 03-42-06, 03-15-03 and PG4-1-M were recently collected from fields in western Canada. To determine the genotypes of six cloned avirulent genes (*AvrLm1, AvrLm2, AvrLm4-7, AvrLm6, AvrLm1*, and *AvrLm5*) in *L. maculans* isolates, genomic DNA was extracted from mycelia collected on 5-day-old PDA plates using a Qiagen DNeasy Plant Mini Kit (Qiagen, Canada) and subjected to PCR and sequencing analysis using primers in [Supplementary Table S5](#SM5){ref-type="supplementary-material"}. Seedlings of *B. napus* were grown in 96-cell trays in a monitored growth chamber (21°C for 16 h light and 18°C for 8 h dark cycles) for 1 week using sunshine mix four soil (Planet Natural, Canada). To acquire *L. maculans* pycnidiospores for inoculation, 100 μl 10^8^ spores/mL suspension was evenly spread on the V8 juice agar plates and exposed to constant light for 1 week to induce sporulation at room temperature. True leaves were removed from plants to avoid cotyledon senescence after inoculation. For *L. maculans* inoculation, wounded sites made by a needle were made on each side of the primary vein in each cotyledon of 7-day-old seedlings and 10 μl of 2 × 10^7^ spores/mL suspension was applied to each wounding site. For tissue collected for RNA-seq, four inoculations were made on each side of the primary vein in each cotyledon. To better observe hydrogen peroxide accumulation, infiltration inoculation was applied according to the description in ([@B51]) on 7-day-old *B. napus* seedlings. The inoculated seedlings were kept in the same moisture chamber used for plant growth, and disease development was monitored accordingly.

Vector Construction and Creation of Transgenic Lines
----------------------------------------------------

The *LepR3* (or *BLMR1.1* accession No. JQ979409) in "Surpass 400" and the homologous gene *blmr1* (accession No. JQ979415.1) in "Westar" were cloned in this lab. To make the expression vectors under the native promoters, the primer set Le3_Rl2_F and Le3_Rl2_R ([Supplementary Table S5](#SM5){ref-type="supplementary-material"}) were used to amplify the fragments including the promoter and open reading frame (ORF) from the two resistant cultivars "Surpass 400" (*LepR3*) and "Glacier" (*Rlm2*), respectively, and inserted into the binary vector pCAMBIA1300^[1](#fn01){ref-type="fn"}^ to produce two complementary constructs pCAMBIA1300-LepR3 and pCAMBIA1300-Rlm2. To make the overexpression constructs for *LepR3*, total RNA from "Surpass 400" seedlings was extracted using TRIzol^®^ Reagent (Thermo Fisher Scientific, United States) following the manufacturer's instructions. Full-length cDNA was synthesized using SuperScript II reverse transcriptase kit (Thermo Fisher Scientific, United States) and amplified using the primer set 35S_Le3_F and 35S_Le3_R ([Supplementary Table S5](#SM5){ref-type="supplementary-material"}). The full-length cDNA of *LepR3* was cloned into the binary vector pBI121 to make the overexpression construct pBI121-LepR3, whose expression is driven by the 35S promoter. The three constructs were used to perform plant transformation into "Westar" as described previously ([@B35]). Seeds from 40 transgenic T0 generation plants for TLepR3 transformation, 20 for TRlm2 and 10 for T35SLepR3 were produced. Single insertion transgenic lines were identified through analysis of segregation of 48 T1 progeny individuals for each T0 line. Homozygous lines were produced from single insertion transgenic lines through selfing and used in the gene expression analysis.

RNA Extraction, cDNA Library Construction, RNA-Sequencing, and RT-qPCR
----------------------------------------------------------------------

Five independent inoculated *B. napus* seedlings for each biological replicate were collected and combined for RNA extraction. Total RNA was extracted using TRIzol^®^ Reagent (Thermo Fisher Scientific, United States) following the manufacturer's instructions and treated with the DNA-free DNA Removal Kit (Thermo Fisher Scientific, United States) to remove genomic DNA contamination. In total, 60 samples (including mock and pathogen-inoculated *B. napus* samples) were checked for RNA integrity number (\>6.5) by an Agilent Bioanalyzer 2100 and subjected to library construction using the TruSeq RNA Library Preparation Kit v2 (Illumina, United States) following the manufacturer's instructions. All samples were sequenced on an Illumina HiSequation 2500 platform at the Genome Québec Innovation Centre, McGill University. The sequencing was performed as paired-end reads that were 2 bp × 100 bp in length. All raw RNA-Seq read data are deposited in the NCBI Short Read Archive^[2](#fn02){ref-type="fn"}^ under the BioProject accession number [PRJNA378851](PRJNA378851).

Isolated total RNA was used to synthesize cDNA library using the SuperScript^TM^ IV First-Strand Synthesis System (Thermo Fisher Scientific). SYBR^®^ Green Master Mix (Bio-Rad) was used to conduct RT-qPCR in a CFX96 Thermal Cycler (Bio-Rad) according to manufacturer's instruction. The gene specific primers for RT-qPCR analysis were listed in [Supplementary Table S5](#SM5){ref-type="supplementary-material"}. The actin gene (Gene ID BnaC02g00690D) was used as the internal control for normalization. The 2^-ΔΔCT^ method was used to analyze the data ([@B36]).

RNA-Seq Data Mapping, Gene Expression Analysis, and Functional Annotation
-------------------------------------------------------------------------

High-quality reads of each sample were filtered out using the NGS QC tool kit ([@B46]) according to default parameters. Bowtie2 ([@B28]) was used to map RNA-seq reads separately to the *B. napus* ([@B65]) and *L. maculans* ([@B50]) genomes following the instructions, and read counting of each transcript was carried out with HTSeq-count ([@B1]). The DESeq2 package ([@B38]) was used to normalize the raw reads mapping to the *B. napus* reference genome and identify differentially expressed genes (DEGs) in different comparisons. Genes with a reported padj value \<0.05 were regarded showing a statistically significant difference between samples. The *B. napus* DEGs were annotated by searching the open reading frame (ORFs) sequences against the nr protein database using an E-value cut-off of 10^-5^ and reporting the maximum "hit" sequence per query.

Functional Classification Based on Gene Ontology and MapMan Enrichment and Heatmap Generation
---------------------------------------------------------------------------------------------

GOstats package installed under the R/Bioconductor environment was used to enrich GO terms for identified DEGs in each gene cluster ([@B14]), as the corresponding *P*-value was set (*P* \< 0.05). To reduce the redundant GO terms in the same DEGs list, REViGO analysis^[3](#fn03){ref-type="fn"}^ was used to slim the enriched GO terms based on the medium-sized similarity. The MapMan tool ([@B59]) was used to facilitate the assignment of identified *B. napus* DEGs into functional categories (bins). A MapMan mapping file that mapped the *B. napus* genes into bins via hierarchical ontologies through the searching of a variety of reference databases was generated using the Mercator tool^[4](#fn04){ref-type="fn"}^. The identified DEGs were matched to the mapping file by the MapMan software and assigned into ontology bins according to default parameters. To generate heatmaps showing the expression changes of identified DEGs, the log2-fold change values for each gene was calculated by making the sample comparison against the water control "Westar" and transformed into the heatmap using the pheatmap R package (pheatmap version, 1.0.8). Similarities in the shape of expression profiles with regard to the up- and down-regulated DEGs were measured by the correlation index *R* as defined in ([@B58]) ![](fpls-10-00823-i001.jpg) where $\overset{\rightarrow}{A}$ and $\overset{\rightarrow}{B}$ were a pair of sample data sets in the linear space with dimensions equal to the number of DEGs. The average amplitude of each up- or down-regulated expression profile was presented as the average number of the log2-transformed fold change values for each data set.

Hydrogen Peroxide Detection, Abscisic Acid, and Salicylic Acid Content Determination
------------------------------------------------------------------------------------

For detecting hydrogen peroxide, the staining solution was prepared by dissolving 10 mg diaminobenzidine tetrahydrochloride hydrate (DAB) (Sigma, United States) in 15 mL 10 mM pH 7.5 Tris buffer in a 50 mL falcon tube. Detached cotyledons after 2- and 4-day infiltrated-inoculation were immersed in the staining solution and infiltrated under vacuum in the 50 mL falcon tube in darkness at room temperature until reddish-brown staining was detected. Chlorophyll was removed in fixation solution. Photos were taken after cotyledons were rehydrated in gradient ethanol solutions. The intensity of oxidized DAB in detached cotyledons was quantified by using the ImageJ software after collecting 10 samples with three independent replications ([@B52]). The mean pixel intensity in staining regions was measured, and the reduction of pixel intensity was proportional to the increase of oxidized brown DAB precipitation.

The levels of abscisic acid and salicylic acid were determined from freeze-dried TRlm2, T35SLepR3 and "Westar" cotyledons infected with 03-42-06 isolate and water as the control treatment. Five cotyledons were collected for each sample in an individual replication with three independent replications. The lyophilized tissues were homogenized with 80% (v/v) acetonitrile containing 1% (v/v) acetic acid and the internal standards, and all the subsequent procedures for the extraction and purification of ABA and SA was carried out as described previously ([@B27]; [@B54]). Measurement of the levels of ABA and SA was performed with liquid chromatography-tandem mass spectrometry system (Agilent 1260-6430) using conditions described previously ([@B69]).

Results
=======

Interaction Analysis of *LepR3* and *Rlm2* Transgenic Lines With *L. maculans* Isolates Containing Different *AvrLm1* and *AvrLm2* Patterns
-------------------------------------------------------------------------------------------------------------------------------------------

*LepR3* (or *BLMR1.1* with Accession No. JQ979409) and *Rlm2* as two allelic resistance genes in *B. napus* "Surpass 400" and "Glacier" cultivars cause *B. napus* resistance against *L. maculans* containing *AvrLm1* and *AvrLm2*, respectively ([@B37]; [@B29], [@B30], [@B31]). *blmr1* (accession No. JQ979415.1) is the homologous gene of *LepR3* and *Rlm2* in the "Westar" cultivar that is susceptible to *L. maculans* isolates. The amino acid sequence analysis and alignment of three homologs showed that they are distinct in the N-terminal leucine-rich repeat motifs ([Figure 1A](#F1){ref-type="fig"} and [Supplementary Figure S1](#SM6){ref-type="supplementary-material"}). Gene expression constructs for *LepR3* and *Rlm2* driven by the native promoters were created and transformed into "Westar" and produced two transgenic lines namely TLepR3 and TRlm2 ([Figure 1B](#F1){ref-type="fig"}). To test whether the enhanced expressional level of resistance gene can affect the plant defense response, the overexpression vector for *LepR3* driven by the 35S promoter was also created and transformed into "Westar" to produce the transgenic line with higher expression of *LepR3*, namely T35SLepR3.

![Phenotypic interaction of TLepR3, T35SLepR3, and TRlm2 with *L. maculans* isolates containing different *AvrLm1* and *AvrLm2* patterns. **(A)** Schematic diagrams representing the blmr1 protein in *B. napus* "Westar" cultivar and its homologs LepR3 and Rlm2 in "Surpass 400" and "Glacier" cultivars. The domains are colored as the N-terminus secretion peptide (green), the leucine-rich repeat N-terminal domain (cyan), the leucine-rich repeats (LRRs) (blue and red), and the C-terminus transmembrane domain (TM) (yellow). The missing LRRs in LepR3 are colored in red. **(B)** Cotyledons of 7-day-old seedlings of transgenic lines (TLepR3, T35SLepR3, and TRlm2) and "Westar" were inoculated with *L. maculans* isolates 03-42-06 (*AvrLm1* and *avrLm2*), 87-41 (*AvrLm1* and *AvrLm2*), 03-15-03 (*avrLm1* and *AvrLm2*), and PG4-1-M (*avrLm1* and *avrLm2*). Photos were taken at 4, 8, and 12 dpi.](fpls-10-00823-g001){#F1}

To differentiate the defense response between compatible and incompatible interaction, four isolates with different patterns of *AvrLm1* and *AvrLm2* were used for inoculation on all *B. napus* lines ([Figure 1B](#F1){ref-type="fig"} and [Supplementary Table S1](#SM1){ref-type="supplementary-material"}). A chlorotic ring around the inoculation site formed and became visible after 4-day-post inoculation (dpi) on all inoculated lines. The extension of infected areas on "Westar" cotyledons led to the formation of necrotic lesions at 8 dpi and enlarged at 12 dpi. Inoculation with isolates 87-41 and PG4-1-M showed less severe symptoms on "Westar," suggesting the weak virulence. Other compatible interaction included the inoculation of PG4-1-M on TLepR3, T35SLepR3, and TRlm2, the inoculation of 03-15-03 on TLepR3 and T35SLepR3 and the inoculation of 03-42-06 on TRlm2. Lesion expansion on TLepR3 and T35SLepR3 inoculated with isolate 03-42-06 or 87-41 was contained for the incompatible interaction at 8 and 12 dpi. The restriction of disease progress was similar for the incompatible interaction on TRlm2 inoculated with 87-41 or 03-15-03 at 8 and 12 dpi.

RNA-Seq Analysis of Transcriptomic Dynamics in the *B. napus*--*L. maculans* Pathosystem During the Early Compatible and Incompatible Interaction
-------------------------------------------------------------------------------------------------------------------------------------------------

To dissect the defense response mediated by *LepR3* and *Rlm2* during early compatible and incompatible interaction, RNA-seq was employed to analyze the transcriptome of *B. napus* transgenic lines challenged by four *L. maculans* isolates at 4 dpi ([Table 1](#T1){ref-type="table"}). Three biological replicates were conducted for all inoculation. In total, 60 RNA samples were subjected to dual RNA-seq, which generated 485 million reads mapped to the *B. napus* genome ([Supplementary Table S2](#SM2){ref-type="supplementary-material"}). Because of a large number of samples in this study, biological replication among samples collected from the same *B. napus* line inoculation was determined by principal component analysis (PCA) ([Supplementary Figure S2](#SM7){ref-type="supplementary-material"}), which displayed a clear cluster of replicates inoculated with the same isolate.

###### 

Experiments for RNA-seq performed in this study.

                                        Time       
  ------------------------- ----------- ------ --- ---
  03-42-06                                         
  (*AvrLm1* and *avrLm2*)   TLepR3      4      3   R
                            T35SLepR3   4      3   R
                            TRlm2       4      3   S
                            Westar      4      3   S
  87-41                                            
  (*AvrLm1* and *AvrLm2*)   TLepR3      4      3   R
                            T35SLepR3   4      3   R
                            TRlm2       4      3   R
                            Westar      4      3   S
  03-15-03                                         
  (*avrLm1* and *AvrLm2*)   TLepR3      4      3   S
                            T35SLepR3   4      3   S
                            TRlm2       4      3   R
                            Westar      4      3   S
  PG4-1-M                                          
  (*avrLm1* and *avrLm2*)   TLepR3      4      3   S
                            T35SLepR3   4      3   S
                            TRlm2       4      3   S
                            Westar      4      3   S
  Water                                            
                            TLepR3      4      3   
                            T35SLepR3   4      3   
                            TRlm2       4      3   
                            Westar      4      3   
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Dissection of *LepR3* and *Rlm2*-Mediated Resistance Response via Grouping the Inoculation of Isolates 03-42-06 (*AvrLm1* and *avrLm2*) and 03-15-03 (*avrLm1* and *AvrLm2*) on "Westar," T35SLepR3, and TRlm2
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Due to the high sequence similarity between *LepR3, Rlm2*, and *blmr1* ([Supplementary Figure S1](#SM6){ref-type="supplementary-material"}), the expression level of each allele cannot be differentiated in the RNA-seq analysis. The expression level of *LepR3* or *Rlm2* in transgenic lines were determined using allele-specific primers in the RT-qPCR assay. Comparing to the endogenous *blmr1* of the background "Westar," the expression level of *LepR3* in TLepR3 was about 1.6-time that of *blmr1* in response to 03-42-06 and 03-15-03 infection, while much higher expression level of the inserted transgene (*LepR3* or *Rlm2*) with around 5 to 6-time that of *blmr1* in TRlm2 and T35SLepR3 were detected ([Figure 2A](#F2){ref-type="fig"}).

![Induction of defense transcriptome by *LepR3* and *Rlm2* during the compatible and incompatible interaction. **(A)** Validation of *LepR3* or *Rlm2* expression level compared to the endogenous *blmr1* in transgenic lines TLepR3, T35SLepR3, and TRlm2 in response to the infection of *L. maculans* isolate 03-42-06 (*AvrLm1* and *avrLm2*) and 03-15-03 (*avrLm1* and *AvrLm2*) at 4 dpi using RT-qPCR. Error bars mean standard deviation based on data collected on three replicates in three independent experiments. Different letters indicate significant differences from each other, α = 0.05 (ANOVA). **(B,C)** Hierarchically clustering heatmaps showing the expression profiles of identified 1,016 up-regulated and 332 down-regulated genes for *LepR3* and *Rlm2* resistance. RNA-seq data collected on *L. maculans* isolates (03-42-06 and 03-15-03)-inoculated T35SLepR3, TRlm2, and "Westar" were divided into three groups, including inoculation on "Westar" by 03-42-06 (*AvrLm1* and *avrLm2*) and 03-15-03 (*avrLm1* and *AvrLm2*) as "Basal" group, inoculation on T35SLepR3 by 03-15-03 (*avrLm1* and *AvrLm2*) and TRlm2 by 03-42-06 (*AvrLm1* and *avrLm2*) showing compatible interaction as "Comp" group or inoculation on T35SLepR3 by 03-42-06 (*AvrLm1* and *avrLm2*) and TRlm2 by 03-15-03 (*avrLm1* and *AvrLm2*) showing incompatible interaction as "Incomp" group. DEGs were expressed in "Basal," "Comp," and "Incomp" **(B)**, and in "Westar," T35SLepR3, and TRlm2 inoculated by isolate 03-15-03 (*avrLm1* and *AvrLm2*) or 03-42-06 (*AvrLm1* and *avrLm2*) **(C)**. The heatmaps were generated based on log2-transformed fold change values comparing to the mock-inoculated "Westar." The average profile amplitudes are indicated below the heatmaps. **(D,E)** Tables of pair-wise correlations for expression profiles of 1,016 up-regulated **(D)** and 332 down-regulated **(E)** genes in the "Basal," "Comp," and "Incomp."](fpls-10-00823-g002){#F2}

In this study, we intend to investigate the role of *LepR3* and *Rlm2* in both compatible and incompatible interaction. Due to equally aggressive virulence at 4 dpi between isolate 03-42-06 (*AvrLm1* and *avrLm2*) and 03-15-03 (*avrLm1* and *AvrLm2*) and similar expression level of transgenes between T35SLepR3 and TRlm2, inoculation on "Westar," T35SLepR3, and TRlm2 by two isolates were classified into three groups according to presumed defense response levels ([Supplementary Figure S3](#SM8){ref-type="supplementary-material"}). The susceptible "Westar" response to *L. maculans* 03-42-06 and 03-15-03 was considered as the basal defense and data collected on inoculated "Westar" were assigned as "Basal" group. The second group included the compatible interaction on T35SLepR3 inoculated by 03-15-03 and TRlm2 inoculated by 03-42-06, and was named as "Comp." The third group namely "Incomp" included the incompatible interaction on T35SLepR3 inoculated by 03-42-06 and TRlm2 inoculated by 03-15-03. Percentage of differentially expressed genes (DEGs) of pairwise comparison within each group was ∼0.3%, indicating low biological variation. The PCA analysis on RNA-seq data further revealed that six RNA-seq samples among each group are highly clustered ([Supplementary Figure S3](#SM8){ref-type="supplementary-material"}). Therefore, RNA-seq data collected within the same group were regarded as the biological replicates and pooled together for analysis.

*LepR3* and *Rlm2* Modulate Increasing Scale of Defense Transcriptome From Compatible to Incompatible Interaction
-----------------------------------------------------------------------------------------------------------------

To explore the regulatory machinery of *LepR3* and *Rlm2* in triggering plant defense response, DEGs associated with the resistance response at "Incomp" were identified by comparing "Incomp" vs. "Basal." In total, 1, 016 up-regulated and 332 down-regulated DEGs were identified ([Supplementary Table S3](#SM3){ref-type="supplementary-material"}). To visualize the transcriptional alteration of these DEGs at different defense response levels ranging from "Basal," "Comp" to "Incomp," expression levels of DEGs were quantified through comparison with the mock-inoculated "Westar" control and translated into hierarchically clustering heatmap in three groups ([Figure 2B](#F2){ref-type="fig"}). The expression profile amplitudes were determined as the average number of log2-fold change values. The heatmap showed an obvious increasing trend for up-regulated DEGs and a decreasing trend for down-regulated DEGs from "Basal" to "Comp" and to "Incomp." In spite of the compatible interaction in "Comp," *LepR3* and *Rlm2* triggered the defense transcriptome in "Comp" to a lesser extent compared to "Incomp." The pairwise correlation index was also calculated among three groups to analyze the similarities of the expression profiles ([Figure 2D,E](#F2){ref-type="fig"}). Correlation analysis showed both expression patterns of defense transcriptome for up-regulation and down-regulation at the "Incomp" group are closer to that at "Comp" than "Basal." The up-regulated and down-regulated DEGs were also expressed in six individual inoculation within three groups ([Figure 2C](#F2){ref-type="fig"}). The heatmap showed the similar trends of expression patterns for 1, 016 up-regulated and 332 down-regulated DEGs from "Westar" to compatible and to incompatible interaction on T35SLepR3 or TRlm2 inoculated by two isolates. Our results showed *LepR3* and *Rlm2*-mediated defense transcriptome has been induced in a limited scope at the absence of *AvrLm1* and *AvrLm2*, and is fully escalated to trigger resistance response upon recognition of *AvrLm1* and *AvrLm2*.

To further validate the regulatory role of *LepR3* and *Rlm2* on defense transcriptome during the compatible and incompatible interaction, the identified 1,016 up-regulated DEGs were expressed in TRlm2, T35SLepR3, and TLepR3 inoculated by PG4-1-M (*avrLm1* and *avrLm2*) for the compatible interaction and 87-41 (*AvrLm1* and *AvrLm2*) for the incompatible interaction. The visualization of expression patterns on the heatmap showed higher expression profiles on TRlm2, T35SLepR3 and TLepR3 compared to that on "Westar" inoculated with PG4-1-M, while the expression profiles displayed differentially induced levels that correlated with the induction levels of transgenic genes ([Figure 3A](#F3){ref-type="fig"}). The correlation assay showed expression profiles induced on TRlm2 and T35SLepR3 were more similar compared to that induced on TLepR3 ([Figure 3C](#F3){ref-type="fig"}). The variation on expression profiles due to differential expression of transgenic genes in TRlm2, T35SLepR3 and TLepR3 diminished during the incompatible interaction with 87-41 ([Figure 3B](#F3){ref-type="fig"}), which is also suggested by the correlation index among all expression profiles ([Figure 3D](#F3){ref-type="fig"}). The expression profiles were still more related between TRlm2 and T35SLepR3. In short, *LepR3* and *Rlm2* are able to promote plant defense-related transcriptome during both compatible and incompatible interaction, with the differences signified by the magnitude distinction of defense transcriptomic output.

![Correlation of *LepR3* and *Rlm2* expression with induction of 1,016 up-regulated DEGs during the compatible and incompatible interaction. **(A,B)** Heatmaps showing the expression profiles of identified 1,016 up-regulated DEGs on TRlm2, T35SLepR3, TLepR3, and "Westar" inoculated by *L. maculans* isolate PG4-1-M (*avrLm1* and *avrLm2*) **(A)** for the compatible interaction and 87-41 (*AvrLm1* and *AvrLm2*) **(B)** for the incompatible interaction. The heatmaps were generated based on log2-transformed fold change values comparing to the mock-inoculated "Westar." The amplitudes of the profiles were indicated below the heatmaps. **(C,D)** Tables of pair-wise correlation for expression profiles of 1,016 up-regulated DEGs in **(C)** for the compatible and **(D)** incompatible interaction.](fpls-10-00823-g003){#F3}

Cluster Analysis of 1,016 Up-Regulated DEGs Underlying *LepR3* and *Rlm2*-Mediated Resistance Response
------------------------------------------------------------------------------------------------------

To dissect the gene expression network underlying *LepR3* and *Rlm2-*mediated resistance response, we classified 1,016 identified up-regulated DEGs according to their expression patterns in "Basal," "Comp," and "Incomp" groups. In this study, we also identified 811 up-regulated DEGs by comparing "Incomp" with "Comp" and 136 up-regulated DEGs by comparing "Comp" with "Basal" ([Supplementary Table S3](#SM3){ref-type="supplementary-material"}). Both of them largely overlapped with previously identified 1,016 DEGs by comparing "Incomp" with "Basal." Therefore, 1,016 DEGs were separated into three clusters, including "Cluster I" DEGs overlapping with that identified in the "Comp" vs. "Basal" comparison, "Cluster III" DEGs overlapping with that identified in the "Incomp" vs. "Comp" comparison, and "Cluster II" DEGs sharing no overlapping ([Figure 4A](#F4){ref-type="fig"}). Observation of expression patterns in the trend lines for three clusters' DEGs showed that most "Cluster I" DEGs are suppressed at "Basal" and then expressed at the similar levels between "Comp" and "Incomp" ([Figure 4B](#F4){ref-type="fig"}). "Cluster II" DEGs showed gradually induced expression levels from "Comp" to "Incomp," which means the gene expression has been triggered by *LepR3* and *Rlm2* and further elevated with recognition of *AvrLm1* and *AvrLm2*. "Cluster III" DEGs showed no different expression patterns between "Basal" and "Comp" but solely induced at "Incomp" due to the *LepR3-AvrLm1* and *Rlm2-AvrLm2* recognition specificities.

![Cluster analysis of 1,016 up-regulated DEGs according to expression profiles and functional classification of each cluster. **(A)** Venn diagram showing the division of 1,016 up-regulated DEGs into three clusters through overlapping with DEGs identified from "Incomp" vs. "Comp" and "Comp" vs. "Basal" comparison. **(B)** Trend lines showing the gene expression profiles of DEGs in three clusters in "Basal," "Comp," and "Incomp." The gene expression values were generated based on log2-transformed fold change values after comparing to the mock-inoculated "Westar." **(C)** GO enrichment analysis. The molecular functions (MF) GO terms are represented in *y*-axis for each cluster. The top ten GO terms with a significant *p*-value (\<0.05) for each cluster are shown. **(D)** Pathway analysis of DEGs. Pathway enrichment of each cluster DEGs was performed via the Mercator pipeline (<http://www.plabipd.de/portal/mercator-sequence-annotation>). The numbers of genes from each cluster DEGs in MapMan bins are translated into a gradation of color.](fpls-10-00823-g004){#F4}

To reveal the specific functions of three clusters' DEGs, gene ontology (GO) enrichment in molecular function (MF) was performed ([Figure 4C](#F4){ref-type="fig"}). The enrichment showed that most of "Cluster I" DEGs contained transcription factor activity. In "Cluster II" DEGs, the prominent GO terms included transferase activity, transcription factor activity, heme binding activity, and tetrapyrrole binding activity. "Cluster III" DEGs are mainly enriched in GO terms like oxidoreductase activity, heme binding activity, tetrapyrrole binding activity, iron ion binding activity, and co-factor binding activity, suggesting the involvement in the cellular oxidation-reduction reaction.

To identify biological pathways affiliated with DEGs at each cluster, enrichment was conducted using the MapMan program. The results showed that "Cluster I" DEGs were largely enriched in abscisic acid (ABA) hormone metabolism and ethylene-responsive transcription factors ([Figure 4D](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"} and [Supplementary Table S4](#SM4){ref-type="supplementary-material"}), consistent with the MF GO enrichment of transcription factor activity. Receptor kinases for signaling transduction is the prominently enriched pathway for both "Cluster II" and "Cluster III" DEGs. This is in agreement with the previous investigation showing the critical roles of extracellular membrane RLPs and RLKs in the perception of fungal invasion and signaling transduction in *B. napus* non-host and race-specific resistance against *L. maculans* ([@B3]). Other leading pathways in "Cluster II" include protein ubiquitination, protein posttranslational modification, and WRKY transcriptional regulation ([Figure 4D](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"} and [Supplementary Table S4](#SM4){ref-type="supplementary-material"}), in tandem with rich transferase activity that maybe involved in posttranslational modification and transcription factor activity during MF GO enrichment. The "Cluster III" DEGs are mainly enriched in pathways involved in plant defense-related physiological processes including response to biotic stress like deployment of pathogenesis-related proteins chitinases and kunitz trypsin inhibitors, cytochrome P450, sulfur-containing secondary metabolism, UDP glucosyl and glucoronyl transferases and peroxidases ([Figure 4D](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"} and [Supplementary Table S4](#SM4){ref-type="supplementary-material"}). MF GO term enrichment suggests that these processes may require the participation of oxidation-reduction reactions.

![Expression profiles of up-regulated DEGs identified in unique biological pathways from "Cluster I," "Cluster II," and "Cluster III" in "Basal," "Comp," and "Incomp." The heatmaps show the expression of abscisic acid (ABA) synthesis genes 9-*cis*-epoxycarotenoid dioxygenase NCED3 **(A)** and ethylene-responsive transcription factors ERFs **(B)** in "Cluster I," the expression of genes in pathways of protein ubiquitination **(C)**, protein posttranslational modification **(D)**, and WRKY transcription factor family **(E)** in "Cluster II," and the expression of genes in pathways of biotic stress response **(F)**, cytochrome P450 **(G)**, sulfur-containing secondary metabolism **(H)**, UDP glucosyl and glucoronyl transferases **(I)** and peroxidases **(J)**. The heatmaps were generated based on log2-transformed fold change values in comparison with the mock-inoculated "Westar."](fpls-10-00823-g005){#F5}

*LepR3* and *Rlm2* Regulate Abscisic Acid (ABA) Production Independent of Reaction to *L. maculans* Infection
-------------------------------------------------------------------------------------------------------------

To further explore how *LepR3* and *Rlm2* modulate the ABA production in *B. napus*, the expression patterns of identified "Cluster I" NCED3 nine-*cis*-epoxycarotenoid dioxygenase 3 genes in three individual transgenic lines and "Westar" inoculated by *L. maculans* isolates (03-42-06 and 03-15-03) and water were displayed in the heatmap ([Figure 6A](#F6){ref-type="fig"}). Surprisingly, NCED3 genes showed induction in TRlm2, T35SLepR3, and TLepR3 compared to "Westar" under the water treatment, with higher expressional levels observed in TRlm2 and T35SLepR3 compared to TLepR3. Inoculation of 03-42-06 (*AvrLm1* and *avrLm2*) or 03-15-03 (*avrLm1* and *AvrLm2*), however, down-regulated the expression patterns of NCED3 genes in all *B. napus* lines, regardless of compatible or incompatible interaction. To validate the RNA-seq analysis, RT-qPCR was conducted to assay the expression of four selected NCED3 genes with the highest counting reads in the RNA-seq analysis ([Figure 6B](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}). The results showed expression profiles of four genes in TRlm2, T35SLepR3, TLepR3, and "Westar" inoculated with 03-42-06 ([Figure 6B](#F6){ref-type="fig"}), 03-15-03 ([Figure 7C](#F7){ref-type="fig"}) or water ([Figure 6D](#F6){ref-type="fig"}) were consistent with the RNA-seq analysis. Using liquid chromatography-mass spectrometry (LC-MS), the simultaneous ABA levels of TRlm2, T35SLepR3 and "Westar" inoculated by 03-42-06 or water were measured at 4 dpi ([Figure 6E](#F6){ref-type="fig"}). In line with the gene expression data, TRlm2 and T35SLepR3 accumulated higher ABA than "Westar" under the water treatment. Inoculation of 03-42-06 reduced the ABA contents in both transgenic lines to the similar level in "Westar," which nevertheless showed no change in ABA contents between mock and 03-42-06 inoculation. Therefore, it seems that *LepR3* and *Rlm2* as receptors acting at the apoplastic space may play roles in stress response beyond the defense against the *L. maculans* infection.

![Characterization of the effect of *LepR3* and *Rlm2* on abscisic acid (ABA) production in *B. napus*. **(A)** The expression patterns of *B. napus* NCED3 genes identified in "Cluster I" on TRlm2, T35SLepR3, TLepR3, and "Westar" inoculated by 03-42-06 (*AvrLm1* and *avrLm2*), 03-15-03 (*avrLm1* and *AvrLm2*) or water at 4 dpi were displayed in the heatmap. The heatmap was generated based on log2-transformed fold change values comparing to the mock-inoculated "Westar." **(B,D)** Validation of the expression patterns for selected NCED3 genes using RT-qPCR. Four NCED3 genes (BnaC01g36910D, BnaC05g39200D, BnaA01g29390D, and BnaA05g25030D) with the highest mapping reads in RNA-seq analysis were selected for the RT-qPCR analysis to test the expressional fold change compared to mock-inoculated "Westar" on TRlm2, T35SLepR3, TLepR3, and Westar inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) **(B)**, 03-15-03 (*avrLm1* and *AvrLm2*) **(C)** or water **(D)** at 4 dpi. Error bars mean standard deviation based on data collected on three replicates in three independent experiments. Different letters indicate significant differences from each other, α = 0.05 (ANOVA). **(E)** Liquid chromatography-tandem mass spectrometry (LC-MS) analysis of ABA levels on TRlm2 and T35SLepR3 inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) and water at 4 dpi. Values represent means ± standard errors from three independent experiments. Different letters indicate statistically significant differences, α = 0.05 (ANOVA).](fpls-10-00823-g006){#F6}

![Regulation of salicylic acid (SA) synthesis by *LepR3* and *Rlm2* during the compatible and incompatible interaction. **(A)** The expression patterns of *B. napus* genes involved in SA biosynthesis identified in "Cluster II" and "Cluster III" on TRlm2, T35SLepR3, TLepR3, and "Westar" inoculated by 03-42-06 (*AvrLm1* and *avrLm2*), 03-15-03 (*avrLm1* and *AvrLm2*) or water at 4 dpi were displayed in the heatmap. The heatmap was generated based on log2-transformed fold change values comparing to the mock-inoculated "Westar." **(B)** Overview of identified "Cluster II" and "Cluster III" DEGs participating in SA biosynthesis. **(C,D)** Validation of induction levels for selected genes using RT-qPCR. Two *PAD4* (BnaA04g05430D and BnaA04g05420D) and *EDS1* (BnaA01g20340D and BnaC01g25570D) genes were selected for the RT-qPCR analysis to test the induced fold change on TRlm2 and T35SLepR3 compared to "Westar" inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) **(C)** and 03-15-03 (*avrLm1* and *AvrLm2*) **(D)** at 4 dpi. Error bars mean standard deviation based on data collected on three replicates in three independent experiments. Different letters indicate significant differences from each other, α = 0.05 (ANOVA). **(E)** Liquid chromatography-tandem mass spectrometry (LC-MS) analysis of SA levels on TRlm2 and T35SLepR3 inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) and water at 4 dpi. Values represent means ± standard errors from three independent experiments. Different letters indicate statistically significant differences, α = 0.05 (ANOVA).](fpls-10-00823-g007){#F7}

*LepR3* and *Rlm2* Modulate the Salicylic Acid (SA) Production in Response to *L. maculans* Infection During Compatible and Incompatible Interaction
----------------------------------------------------------------------------------------------------------------------------------------------------

DEGs in "Cluster II" are mainly families involved in signal transduction in response to biotic stress, including WRKY transcriptional factors identified as a major group of DEGs. In particular, *WRKY 28* (BnaA03g43640D and BnaC07g35130D) homolog has been shown as a transcriptional activator of SA synthesis enzyme isochorismate synthase 1 (*ICS1*) in *Arabidopsis* ([@B64]). Accordingly, another four SA signal regulators including two enhanced disease susceptibility (*EDS1*) genes (BnaC01g25570D and BnaA01g20340D) and two phytoalexin deficient 4 (*PAD4*) genes (BnaA04g05420D and BnaA04g05430D) that function in the alternative route to facilitate the SA preserve were identified in "Cluster II" ([Supplementary Table S4](#SM4){ref-type="supplementary-material"}). In contrast, *ICS1* (BnaCnng08300D) and UDP-glycosyltransferase 74F1 (UGT74F1) (BnaC04g03120D) catalyzing SA-glucose conjugation for storage were found in "Cluster III." The gene expression patterns for individual inoculation on the heatmap ([Figure 7A,B](#F7){ref-type="fig"}) showed *EDS1, PAD4*, and *WRKY28* were induced during the compatible interaction on TRlm2 and T35SLepR3 compared to "Westar" and transcriptionally culminated during the incompatible interaction. Moreover, RT-qPCR was performed to validate the expression profile for *EDS1* and *PAD4* genes, which showed these genes were significantly induced on TRlm2 and T35SLepR3 during the compatible interaction compared to "Westar" and further transcriptionally enhanced during the incompatible interaction ([Figure 7C,D](#F7){ref-type="fig"}). Simultaneous measurement of SA content by LC-MS on TRlm2, T35SLepR3 and "Westar" inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) and water showed that, in contrast to ABA production, the introduction of *Rlm2* and *LepR3* in *B. napus* has no effect on SA production without *L. maculans* infection ([Figure 7E](#F7){ref-type="fig"}). However, inoculation of 03-42-06 on TRlm2 that caused compatible interaction, produced 1.8-time higher SA compared to "Westar" and inoculation on T35SLepR3 for incompatible interaction resulted in 4.8-time higher SA production. These results suggested that the SA-mediated defense signal network could be induced by *LepR3* and *Rlm2* during the compatible interaction and magnified to the maximum following the recognition of the *Avr* gene products for the incompatible interaction.

Hydrogen Peroxide Production and Peroxidase Expression Were Exclusively Activated by *LepR3* and *Rlm2* During Resistance Response to the *L. maculans* Infection
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

One major function of DEGs in "Cluster III" is to promote the cellular oxidation-reduction reaction and causes the hypersensitive response (HR)-related physiological reactions. Enhanced accumulation of reactive oxygen species (ROS) at the infection sites is one hallmark of HR resulting from the recognition of pathogen *Avr* genes ([@B61]). In our RNA-seq analysis, 11 peroxidase genes that are rapidly responsive to extracellular hydrogen peroxide (H~2~O~2~) accumulation and involved in ROS generation for cell wall modification and resistance response were identified in "Cluster III" ([@B53]). The expressional levels of peroxidase genes on TRlm2, T35SLepR3, TLepR3, and "Westar" inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) and 87-41 (*AvrLm1* and *AvrLm2*) for the incompatible interaction were visualized in the heatmap ([Figure 8A](#F8){ref-type="fig"}). Most of them were significantly induced on T35SLepR3 and TLepR3 inoculated by 03-42-06 for invoking the incompatible interaction compared to inoculation on TRlm2 and "Westar," similar to the expression pattern of "Cluster III" DEGs at "Basal," "Comp," and "Incomp." Inoculation of 87-41 on TRlm2 and T35SLepR3 induced the similar expression patterns for peroxidase genes. Validation of four selected genes using RT-qPCR on TRlm2, T35SLepR3, and TLepR3 showed the significant induction during the incompatible interaction compared to "Westar" ([Figure 8B,C](#F8){ref-type="fig"}), while inoculation of 03-42-06 on TRlm2 did not cause significant variation. Moreover, higher gene expression was always induced on T35SLepR3 compared to TLepR3 in both RNA-seq and RT-qPCR analysis. These results were consistent with the *in situ* detection of H~2~O~2~ at the infection sites at 2 and 4 dpi on the same *B. napus* lines, which showed significantly intensified H~2~O~2~ production due to the resistance response on three transgenic lines ([Figure 8D,E](#F8){ref-type="fig"}). Notably, higher H~2~O~2~ was produced on T35SLepR3 compared to TLepR3 during the incompatible interaction with both 03-41-06 and 87-41 isolates, while stronger H~2~0~2~ burst was always observed at 4 dpi compared to 2 dpi. In short, their results indicate that the scale of resistance response is proportional to the induction timing and level of *LepR3* and *Rlm2*.

![*LepR3* and *Rlm2* significantly enhance peroxidase expression and hydrogen peroxide (H~2~O~2~) production during the incompatible interaction. **(A)** The expression patterns of *B. napus* peroxidase genes identified in "Cluster III" on TRlm2, T35SLepR3, TLepR3, and "Westar" inoculated by 03-42-06 (*AvrLm1* and *avrLm2*), 87-41 (*AvrLm1* and *AvrLm2*) or water at 4 dpi were displayed in the heatmap. The heatmap was generated based on log2-transformed fold change values comparing to the mock-inoculated "Westar." **(B,C)** Validation of induction levels for selected genes using RT-qPCR. Four peroxidase genes (BnaC02g09180D, BnaA10g24230D, BnaC09g48850D, and BnaC04g56610D) with the highest mapping reads in the RNA-seq analysis were selected to test the induction levels compared to "Westar" on TRlm2, T35SLepR3, and TLepR3 inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) **(B)** and 87-41 (*AvrLm1* and *AvrLm2*) **(C)** at 4 dpi. Error bars mean standard deviation based on data collected on three replicates in three independent experiments. Different letters indicate significant differences from each other, α = 0.05 (ANOVA). **(D)** Cotyledons of *B. napus* seedlings (TRlm2, T35SLepR3, TLepR3, and "Westar") were inoculated by infiltration of the spore suspension of indicated isolates 03-42-06 (*AvrLm1* and *avrLm2*) and 87-41 (*AvrLm1* and *AvrLm2*) for 2 and 4 days, and H~2~O~2~ was detected *in situ* by diaminobenzidine (DAB) staining. **(E)** Bar charts showing mean pixel intensity of DAB staining on *B. napus* lines at 2 and 4 dpi. Values represent means ± standard errors from three independent experiments with 10 cotyledons collected for each experiment. Different letters indicate statistically significant differences, α = 0.05 (ANOVA).](fpls-10-00823-g008){#F8}

Discussion
==========

Recently, RNA-seq has been extensively used to decipher the transcriptomic reprogramming underpinning *B. napus* defense response against *L. maculans* infection ([@B39]; [@B19]; [@B3]). However, the transcriptomic comparison made between resistant and susceptible cultivars differing at the genetic background biases the analysis. In this study, we created transgenic lines of resistance genes *LepR3* and *Rlm2* in the susceptible cultivar "Westar" to reveal the *R* gene-mediated defense machinery based on the transcriptomic comparison ([Figure 1](#F1){ref-type="fig"}). Four *L. maculans* isolates with different (*AvrLm1* and *AvrLm2*) patterns were used for inoculation to distinguish the defense response mediated by *LepR3* and *Rlm2* in comparison with "Westar."

Contrary to ETI-mediated defense response ramifying from the intracellular *R*-*Avr* gene recognition and quickly activating downstream cellular responses to cause plant resistance ([@B11]), defense response initiated by the surface-localized receptor-like proteins (RLPs) recognizing pathogen effectors at the plant apoplastic space is termed as effector-triggered defense (ETD) ([@B57]), characterized by relatively slower downstream cellular responses. Although surface-localized RLPs triggering resistance against apoplastic fungal pathogens have been cloned in several crops ([@B57]), the acting machinery of regulating the gene expression network underlying the resistance remains elusive. Both LepR3 and Rlm2 bind the leucine-rich repeat receptor-like kinase (LRR-RLK) SOBIR1 to form the complex for triggering the downstream defense signals for plant resistance ([@B16]; [@B40]). In addition, SOBIR1 is also able to physically interact with cell surfaced localized RLPs recognizing fungal PAMPs like fungal endopolygalacturonases to trigger PTI in *Arabidopsis* ([@B72]). This may implicate the signal pathways leading PTI and ETD in the same plant may overlap but differ at the timing and magnitudes. Transcriptomic profiling has demonstrated that plant defense pathways between compatible and incompatible interactions are shared but vary at the output scale ([@B58], [@B60]).

In this study, we intended to investigate the role of *LepR3* and *Rlm2* in regulating the defense signal output during compatible and incompatible interaction. Through the classification of 03-42-06 (*AvrLm1* and *avrLm2*) and 03-15-03 (*avrLm1* and *AvrLm2*) inoculation on T35SLepR3, TRlm2 and "Westar" into three groups, defense response during the compatible interaction on T35SLepR3 and TRlm2 termed as "Comp" can also be transcriptionally measured ([Supplementary Figure S3](#SM8){ref-type="supplementary-material"}). The gradually changed scale of gene expression and closer-related gene expression profiles between "Comp" and "Incomp" suggest that *LepR3* and *Rlm2* are able to promote the defense response without *AvrLm1* and *AvrLm2* recognition and may target at other pathogen-associated components ([Figure 2](#F2){ref-type="fig"}). In spite of high sequence and structure similarities shared between LepR3 and Rlm2, AvrLm1, and AvrLm2 do not share any sequence similarity ([@B17]; [@B16]). It has been proposed that biologically diversified effectors can target the collective set of plant proteins as joint points of various cellular mechanisms and are crucial for effective defense response ([@B42]). Conversely, *LepR3* and *Rlm2* may monitor multiple fungal targets that contribute to the *L. maculans* virulence. PG4-1-M (*avrLm1* and *avrLm2*) inoculation on TRlm2, T35LepR3, and TLepR3 can also induce higher defense transcriptome on *B. napus* compared to "Westar," in correlation with the expression level of *Rlm2* or *LepR3* ([Figure 3A,C](#F3){ref-type="fig"}). Indeed, the tomato basal defense response against bacterial and fungal pathogens is enhanced when overexpressing the tomato *R* gene *Pto* that confers race-specific resistance to *Pseudomonas syringae* containing the type III effector protein AvrPto ([@B43]). Taken together, our results may implicate the possible role of *LepR3* or *Rlm2* in invoking the basal defense during the compatible interaction.

The functional classification of 1,016 up-regulated DEGs according to the expression patterns at "Basal," "Comp" and "Incomp" gives insight into how *LepR3* and *Rlm2* orchestrate the gene expression network in response to biotic/abiotic stresses. The famous role of ABA in regulating the crosstalk of biotic and abiotic stress responses via the interaction with other hormone signaling pathways has been widely studied ([@B32]). Although slight induction of NCED3 genes was observed during the compatible and incompatible interaction on T35SLepR3 and TRlm2 compared to "Westar," this may not be significant enough to cause the ABA level change detected in the LC-MS assay ([Figure 6](#F6){ref-type="fig"}). This is in line with the finding in ([@B51]) that the ABA level remained unchanged during the early resistance response triggered by *Rlm1-AvrLm1* recognition specificity compared to "Westar." However, the unexpected role of *LepR3* and *Rlm2* in regulating ABA synthesis without *L. maculans* infection may suggest these RLPs are involved in abiotic stress response ([Figure 6](#F6){ref-type="fig"}). Recently, an NBS-LRR disease resistance gene *AhRRS5* in peanut has been shown to respond transcriptionally to cold and drought conditions as well as ethylene and ABA treatment ([@B71]). This is correlating with our finding showing the concomitant expression pattern of NCED3 genes and apetala2/ethylene responsive factors (AP2/ERFs) in "Cluster I" ([Figure 5](#F5){ref-type="fig"}), as the reciprocal relation between AP2/ERF regulation and ABA biosynthesis in coping with biotic and abiotic stresses has been previously revealed ([@B56]; [@B34]). Inoculation on T35SLepR3 and TRlm2 counteracted the ABA change ([Figure 6E](#F6){ref-type="fig"}), coinciding with induced SA production compared to "Westar" ([Figure 7E](#F7){ref-type="fig"}), may suggest an antagonistic interconnection between the abiotic stress responsive ABA-mediated signaling and disease defense responsive SA-mediated signaling under the regulation of *LepR3* and *Rlm2*. The negative regulatory effect of pathogen or host-derived ABA on SA-mediated systemic acquired resistance (SAR) has been described in several bacterial and fungal-plant pathosystems ([@B68]; [@B8]; [@B23]). A recent RNA-seq analysis has revealed the clustered expression of genes responsible for ABA synthesis, involved in suppression of *B. napus* defense response, in *L. maculans* genome ([@B7]). By de-activating the ABA synthesis and activating the SA synthesis in response to *L. maculans* infection, LepR3 and Rlm2 may orchestrate a fine-turn hormonal dynamic to optimize the defense response.

"Cluster II" DEGs are mainly involved in signal transduction to mediate the stress/defense response during both compatible and incompatible interaction ([Figure 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}). Previous studies have indicated the regulatory role of WRKY transcription factors (TFs) in hormone responsive pathways during the compatible interaction between *B. napus* and *L. maculans* ([@B67]). In this study, WRKY28 as the transcriptional activator of SA biosynthesis gene *ICS1* and PD4/EDS1 as regulatory components promoting SA preserve acting independently of the *ICS1* pathway ([@B6]) are simultaneously identified in "Cluster II" ([Figure 7A,B](#F7){ref-type="fig"}). As SA is a major plant hormone to activate both PTI/ETI systems, slightly higher SA production detected on TRlm2 inoculated by 03-42-06 (*AvrLm1* and *avrLm2*) compared to "Westar" indicates *LepR3* or *Rlm2* is able to promote the defense response via activation of hormone signal pathways during the compatible interaction ([Figure 7E](#F7){ref-type="fig"}). This confirms the observation of higher expression profiles of defense transcriptome on TRlm2, T35SLepR3, and TLepR3 compared to "Westar" inoculated by PG4-1-M (*avrLm1* and *avrLm2*) ([Figure 3A,C](#F3){ref-type="fig"}). WRKY45 is another identified WRKY TF that has been showed to be physically targeted by the *Panicle blast 1* (*Pb1*) resistance gene to mediate the broad-spectrum resistance against *M. oryzae* in rice ([@B22]), through activation of downstream defense-related genes such as cytochrome P450s, peroxidases, and chitinases ([@B44]). RING-finger and U-box domain-containing E3 ligase genes are another "Cluster II" DEG group and involved in posttranslational protein modification for defense signal activation during both compatible and incompatible interaction. *ATL6* and *ATL31* homologs are induced with the treatment of PAMP elicitor flg22 and regulate the cross-talk of plant nutrient status and defense response in *Arabidopsis* ([@B41]), while *ATL3* homolog was induced during the *cf-9* mediated resistance in tomato against *Cladosporium fulvum* ([@B12]). Taken together, we may infer that *LepR3* and *Rlm2* can activate the signal transduction pathways, shared by PTI/ETI systems in response to the biotic stress, without recognition of *AvrLm1* or *AvrLm2*.

A large part of DEGs identified in "Cluster III" include degradation enzymes, protease inhibitors and redox-related enzymes for ROS burst and secondary metabolism homeostasis that contribute to contain the fungal growth and trigger the hypersensitive response (HR) ([Figure 5](#F5){ref-type="fig"}). In [@B51], enhanced H~2~O~2~ production is triggered following recognition of avirulent *L. maculans* isolate in *B. napus*. Our study showed the exclusive H~2~O~2~ burst at the infection sites and the consequential induction of peroxidase genes during the incompatible interaction are regulated by the infection timing and *R* gene induction level, as more significantly intensified DAB staining is observed in T35SLepR3 than TLepR3 at 2 and 4 dpi ([Figure 8](#F8){ref-type="fig"}). This indicates that higher expression of *LepR3* is able to more rapidly promote defense transcriptome and cause earlier resistance response. Another major identified group of enzymes involved in cellular redox potential are P450 hemoproteins ([Figure 5](#F5){ref-type="fig"}), which facilitate the biosynthesis of anti-microbial secondary metabolites, like glucosinolate and phytoalexin in the Brassicaceae family through the redox reactions, and thus play important roles in disease resistance ([@B9]; [@B26]). Detection of tryptophan N-monooxygenase 1 and cytosolic sulfotransferase that facilitate the biosynthesis of glucosinolate and UDP-glycosyltransferases (UGTs) that are key for the homeostasis maintenance of plant secondary metabolites further suggests that *LepR3* and *Rlm2* regulate the deployment of chemical protection during the incompatible interaction ([Figure 5](#F5){ref-type="fig"}). Identification of chitinases shown to target at *L. maculans* at the apoplastic space of pre-symptom stage cotyledons in previous studies during the incompatible interaction ([@B33]; [@B48]) and kunitz trypsin inhibitors that degrade the peptidases secreted by *L. maculans* during the early infection stage ([@B55]) implicates the direct deployment of enzymatic force by *LepR3* and *Rlm2* to fend off *L. maculans* during *in planta* invasion ([Figure 5](#F5){ref-type="fig"}).

Through RNA-seq based transcriptomic profiling and comparison, we delineate a hierarchical gene expression network orchestrated by *LepR3* and *Rlm2* to mobilize plant defense response against *L. maculans* infection. The biotic stress/ defense-responsive signal transduction pathways shared by PTI/ETI systems are activated by *LepR3* and *Rlm2* during the compatible interaction and magnified via recognition of *AvrLm1* and *AvrLm2*, finally causing deployment of chemicals and enzymes to cause HR response. The future studies will focus on functionally characterizing the key components of signal transduction and metabolic pathways identified in this study and elaborating the interaction machinery via biochemistry and cell biology approaches.
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